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ABSTRACT
Aim Despite their potentially profound consequences, little is known about the
impacts of interactions among environmental change drivers on indigenous
species. For biological invasions, much theoretical prominence has been given
to additive or synergistic interactions with temperature change. However,
empirical investigations are sparse. Here, we investigate the outcomes of inter-
actions between temperature change and biological invasions on ectotherm
body size in a temperate system.
Location The sub-Antarctic Prince Edward Island group (46°54′ S, 37°45′ E).
Methods We use long-term (24 years) body size data on weevil species from
Marion and Prince Edward Islands. Invasive house mice, which prey on four of
the five weevil species, are present on Marion Island, while the neighbouring
Prince Edward Island is mouse free. Theory predicts that with higher tempera-
tures, body size should decline across all species, and previous work suggests
that size-selective predation by mice should enhance this effect on the invaded
island. Generalized linear models were used to determine the relative effects of
sex, island, altitude and mean annual temperature on body size for each of the
species.
Results Temperature change and biological invasions interact to affect body
size in an antagonistic fashion. In weevil species not preyed on by invasive
house mice, body size and declining size with increasing temperature are con-
sistent across adjacent invaded and non-invaded islands. By contrast, species
preyed on by mice are smaller on the invaded island and show opposite size-
temperature relationships on the invaded and mouse-free islands.
Main conclusions Size declines on the non-invaded island are in keeping with
theoretical expectations of declining size with increasing temperatures. By con-
trast, this expectation is not met on the island invaded by mice, largely owing
to what appears to be increased energetic demand of predators in colder
years. These results emphasize that interactions among change drivers will
take a range of forms, and that humans may have substantial influences on
fundamental ecological patterns.
Keywords
Environmental change, insects, predator–prey, resource use, sub-Antarctic.
INTRODUCTION
Considerable effort has been devoted to understanding and
forecasting the effects of major environmental change drivers
on biodiversity (Millennium Ecosystem Assessment, 2005).
What is less obvious is how interactions among these drivers
will play out. These interactions might be antagonistic,
neutral, additive or synergistic (Didham et al., 2007; Darling
& Côte, 2008). For biological invasions, most attention has
been given to likely additive or synergistic interactions with
other environmental change drivers, especially climate
change. Theoretical work has forecast that the weedy nature
of invasive species will result in positive responses to warm-
ing climates, increasing both the rates of establishment and
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the impacts on biodiversity of already established species
(e.g. Theoharides & Dukes, 2007), with empirical work often
bearing out these predictions (Stachowicz et al., 2002;
Chown et al., 2007, 2012; Woodward & Kelly, 2008). The
current consensus seems to be that biological invasions will
become more problematic as climate change progresses
(Walther et al., 2009; Pysek & Richardson, 2010).
Nonetheless, the outcomes of interactions between chang-
ing climates and biological invasions need not necessarily be
positive, but could take a range of forms, such as being
antagonistic, neutral or additive (Brooker, 2006; Bradley
et al., 2010). What is far from clear, however, is whether any
generalizations may be made about the form these outcomes
will take at different levels in the biological hierarchy and
under different conditions. Indeed, much of the focus to date
has been on the consequences for the abundance and distri-
bution of species and downstream effects on assemblages
(e.g. Pysek & Richardson, 2010; Pysek et al., 2012). By con-
trast, less emphasis has been given to interactions that may
give rise to changes in phenology or body size, both of which
can be affected substantially by climate change and by inva-
sion (Daufresne et al., 2009; Blanchet et al., 2010; Gardner
et al., 2011).
In the case of body size, and for invertebrate ectotherms, a
substantial body of empirical and theoretical work suggests
that size change typically takes two forms with increasing
temperature (reviewed in Chown & Gaston, 2010; Shelomi,
2012). In the first case, size increases with declining tempera-
ture are found. The phenomenon is often termed the tem-
perature-size rule when considered in the context of rearing
temperature and size (Atkinson, 1994), or Bergmann’s rule
in the context of increases in size with increasing latitude/
altitude (for discussion see e.g. Blackburn et al., 1999; Gas-
ton et al., 2008; Olalla-Tarraga, 2011). The mechanistic basis
for increases in size with declining temperature remains the
subject of debate (see discussions in Chown & Gaston, 2010;
Olalla-Tarraga, 2011; Berger et al., 2012). Nonetheless, the
phenomenon appears to be most common, at least in the
insects, in species where growing season length is much
greater than life cycle length (or conditions are effectively
aseasonal), and a fully adaptive explanation for size increases
with declining temperature has been proposed for this situa-
tion (Kozłowski et al., 2004). The same theoretical frame-
work can also explain the opposite phenomenon, where size
generally increases with increasing temperature (Chown &
Gaston, 2010). Here, life cycle length and season length are
typically similar, with the result that increasing temperature
leads to increasing size up to the point where a further gen-
eration, which has greater fitness benefits than ongoing size
increase, can be included in the season, so resulting in a
saw-tooth body size cline (Nylin & Gotthard, 1998; Blanc-
kenhorn & Demont, 2004; Kozłowski et al., 2004).
For invasions, theory makes little in the way of directional
predictions for body size alterations, apart from the fact that
predator–prey interactions and food web structure can be
significantly influenced by changes in the body sizes of
interacting species (e.g. Woodward et al., 2005; Petchey
et al., 2008). How changing climates and invasions that
involve predation are likely to interact is therefore far from
clear. Nonetheless, theory suggests that for typically small-
bodied species with short life cycles relative to season length,
pronounced declines in size might be expected as a conse-
quence of temperature increases (Blanckenhorn & Demont,
2004; Chown & Gaston, 2010), with predation either having
little effect if it is not size-selective, or either countering or
exacerbating the decline if it is size selective at either end of
the spectrum (see Petchey et al., 2008 for a discussion of
these interactions and evidence for them). Testing such pre-
dictions is an important component of establishing the likely
ongoing impacts of invasions under a scenario of future cli-
mate change (particularly warming), accounting for several
calls for work in this area (e.g. Brook et al., 2008; Bradley
et al., 2010; Pysek et al., 2012). A focus on body size is espe-
cially significant for several reasons. Most notably, it is a fun-
damental determinant of the structure and function of
biological systems at a range of hierarchical levels (Brown
et al., 2004; Woodward et al., 2005; Chown & Gaston, 2010)
and several recent studies have suggested that anthropogenic
change drivers may be altering fundamental patterns of body
size variation (see above and Fisher et al., 2010). However,
the extent to which this is true of terrestrial non-vertebrates
remains poorly explored (Sheridan & Bickford, 2011; Andrew
et al., 2013).
Therefore, in this study we tested the predictions, derived
largely from the temperature-size rule and explanations
developed for it (Atkinson, 1994; Kozłowski et al., 2004),
and from size-based interactions (Petchey et al., 2008), that
increasing temperature and predation by an invasive species
will act additively leading to substantial declines in body size
in ectotherms that are effectively developing in an aseasonal
growing environment. We use a long-term body size data set
on five species of closely related weevils (Coleoptera: Curculi-
onidae: Ectemnorhinus group) from two colocated (19 km
distant) sub-Antarctic islands, of which one has been invaded
by house mice. Previous work on the life cycle and body size
of these species as well as on predation by house mice has
shown that the temperature size rule and an altitudinal Berg-
mann’s rule are found in species that occur across the eleva-
tional range (given an effectively year-round growing
season), and that weevils in many habitats are the preferred
prey of mice, which also select larger-bodied individuals
(Chown & Smith, 1993; Smith et al., 2002; Chown & Klok,
2003).
METHODS
Study area and species
We undertook this work on the sub-Antarctic Prince Edward
Island group, comprising the larger Marion Island (46°54′ S,
37°45′ E; hereafter MI) and smaller Prince Edward Island
(46°37′ S, 37°55′ E; hereafter PEI), which lie 19 km apart.
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The islands are located c. 2,300 km south-east of Cape
Town, South Africa, in the middle of the Southern Ocean,
are volcanic in origin (c. 450,000 years old) and are both
characterized by two major biomes: polar desert at higher
altitudes (c. > 650 m) and tundra in lowland areas (Chown
& Froneman, 2008). Over the last 50 years mean annual
temperature has increased by more than 1 °C and total
annual precipitation declined by more than 500 mm
(le Roux & McGeoch, 2008), although the islands remain
oceanic (mean annual temperature c. 6.5 °C, total precipita-
tion of c. 1900 mm, measured at the meteorological station
on the north-east coast of MI). The islands share most of
their indigenous species, but PEI has far fewer invasive spe-
cies than MI (Chown & Froneman, 2008). Most notably, the
House Mouse (Mus musculus L.), which established on MI
in the early 1800s, is not present and has never been
recorded on PEI (Watkins & Cooper, 1986). In consequence,
substantial differences exist in invertebrate diversity between
the two islands as mice prey on invertebrates on MI but not
PEI (Crafford & Scholtz, 1987; Chown & Smith, 1993). In
other ways, such as climate, plant and seabird/seal richness,
vegetation structure, and ecological functioning the islands
are extremely similar (see comparisons in Van Zinderen Bak-
ker et al., 1971; Gremmen, 1981; Chown & Froneman,
2008), and much more so than any other sites globally, with
the nearest systems that are alike, lying some 900 km to the
east (the Crozet archipelago).
This study is concerned with five weevil species (Coleop-
tera: Curculionidae: Ectemnorhinus group), which play signif-
icant roles in the island systems and have been the focus of
previous work on changes in body size as a consequence of
invasion (Chown & Smith, 1993). We build on this early
work using a dataset that extends now to 24 years (though
with sampling during specific years, rather than annually),
covering a period of considerable change in temperature,
and in impacts on the species by the invasive mice on Mar-
ion Island (Smith et al., 2002). In this context it is important
to understand differences among the weevil species in habitat
use and predation by mice. Ectemnorhinus marioni is
restricted to vegetated areas in the lowlands or mosses at
higher altitudes and is the preferred weevil prey species of
mice (Chown & Smith, 1993; Smith et al., 2002). Bothrome-
topus randi is a coastal, rock face dwelling species that is also
consumed by mice, as is the eurytopic Bothrometopus parvu-
lus (sensu lato; Chown & Smith, 1993; Smith et al., 2002).
However, because mice are most abundant in vegetated areas
and less commonly use rock face and fellfield areas typically
occupied by the latter species, it is less commonly encoun-
tered in mouse gut contents and is thought to be less com-
monly consumed (Chown & Smith, 1993; Smith et al.,
2002). The high-altitude, comparatively small, fellfield spe-
cies, Bothrometopus elongatus, is restricted to fellfield and the
polar desert biome (Chown, 1994) where it is under low pre-
dation pressure (Gleeson, 1981). However, mice have been
observed feeding on weevils in late summer in one high alti-
tude area that is dominated by this species and B. parvulus
(sensu lato; S.L. Chown, unpublished data), and mice have
also been documented to feed on aphids and mites where
these are abundant, demonstrating that they will take small
arthropod prey if it is abundant (Smith et al., 2002). None-
theless, mice are not common at higher altitudes and there-
fore are unlikely to feed regularly on this species, except
perhaps in late summer when mouse abundance peaks (Mat-
thewson & van Aarde, 1994) and mice are more common in
the otherwise vegetation-free and inhospitable polar desert
biome and fellfield habitats of the island (Chown & Smith,
1993; Smith et al., 2002). By contrast, no evidence exists that
mice consume Palirhoeus eatoni, a species restricted to the
supralittoral and intertidal zones, habitats not used by mice
(Chown & Smith, 1993; Chown, 1994).
Collection, measurement and data analysis
Adult weevils were hand-collected by the authors or trained
colleagues from various habitats across MI and PEI in the
following year groups: 1986–1988, 1992, 1999–2003 and
2008–2010, although no B. elongatus were collected in the
1992 year group. We followed a timed collection protocol,
with all individuals being collected using forceps and visual
location of individuals at a given site over a period of
30–60 min depending on the nature of the site. Typically,
the collection sites spanned no more than about 100 m2, and
collections were made under conditions known to promote
weevil activity (Chown et al., 2004; Appendix S1 in the Sup-
porting Information provides full details on collections and
sample sizes). To ensure standard collection protocols, those
originally adopted in the first investigations (see Chown &
Smith, 1993) were used again for each time period, with all
collectors being trained by one of us (S.L. Chown) and with
the protocols being set out explicitly and demonstrated in
the field. Specific care was given to ensure that similar sites
were visited across all years. An absence of freely available
GPS technology in the 1980s and 1990s precluded exact
recording of localities, but these were identified by name,
and those sites revisited. Apart from altitudinal variation in
size, no evidence exists for site-specific variation that might
significantly influence the outcomes given the timed collec-
tion protocol (see e.g. Chown, 1990).
Location (latitude, longitude and altitude, and from prox-
imity to the islands’ many named locations in earlier studies)
was recorded for each individual collected and altitude was
verified from the location data – either using topographic
maps of the islands or the digital elevation model available
for MI (see Chown & Froneman, 2008). Weevils were
returned to the laboratory and preserved in 99% ethanol,
after which size measurements were made. All weevils were
sexed because of substantial sexual size dimorphism in the
group (Chown & Smith, 1993) and measured from the ante-
rior margin of the eyes to the posterior edge of the elytra
using either one of two Wild M5 microscopes (Wild, Heerb-
rugg, Switzerland) or a Leica MZ75 microscope (SMM
Instruments, Midrand, South Africa) fitted with calibrated
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eye-piece micrometers, by three different individuals. To
ensure that these approaches did not introduce error into
the data set, a range of specimens was remeasured from each
of the different time periods using a single microscope (Leica
MZ75) and the relationships between the previous measure-
ments and the remeasured values examined using ordinary
least squares regression, given that insect body size measure-
ments generally (Gouws et al., 2011) and in these species
specifically (see Results) are characterized by a normal distri-
bution. In all cases, the relationships had a slope of one and
zero intercept (results not shown), indicating no effect of
observer/microscope.
We undertook two sets of analyses. In the first set, gener-
alized linear models (each assuming a Gaussian distribution
with an identity link function because the maximum likeli-
hood approach is less sensitive to small deviations from nor-
mality than the equivalent general linear model) were used
to determine the relative effects of sex, island (including an
interaction between sex and island), altitude and mean
annual temperature on body size for each of the species, with
the glm function in R2.12.0 (R Development Core Team,
2010). Insect body size typically follows a normal distribu-
tion (Gouws et al., 2011) and did here for most species. Alti-
tude was included in the models because body size increases
with altitude in several of the species (Chown & Klok, 2003),
but was excluded from models for the exclusively coastal
P. eatoni and B. randi. Sexual size dimorphism is characteris-
tic of these species (Chown & Smith, 1993); thus, sex was
included in the models. The interaction term with island was
included to establish whether any sex-specific effect of preda-
tion might be occurring. Vegetation type was not included in
the models for the species with the broadest habitat use in
vegetated areas (E. marioni) because size overlap is virtually
complete among different vegetation types, with altitude
being far more significant a factor (Chown, 1990; Chown &
Smith, 1993; Chown & Klok, 2003). For the other species, no
clear distinction can be drawn between different rock-face
habitats (Chown, 1994).
Because it is during development that temperature most
influences adult body size (Atkinson, 1994), and because the
life cycles of the weevils span at least 1 year (Chown &
Scholtz, 1989), the mean annual temperature (at the meteo-
rological station, data provided by the South African
Weather Service) of each of the years preceding the years of
collection were used in the statistical models. Because MI
rises to 1230 m.a.s.l. and PEI only to 681 m.a.s.l., models for
the species occurring across the altitudinal range were
restricted to individuals collected below 681 m.a.s.l. on MI
to ensure compatibility across the islands. It is important to
note that only B. elongatus and B. parvulus occur in abun-
dance above this altitude on Marion Island (Chown, 1994),
therefore not affecting analyses of the other species. Because
the island term was significant in most of the models, gener-
alized linear models were then used to determine the relative
effects of sex, altitude and mean annual temperature on body
size of each of the weevil species on MI and PEI separately.
We also undertook a second set of analyses by specifying
mean annual temperature as a discrete, ordered variable. The
rationale was that by including the same temperature value
for each individual for a given year, the degrees of freedom
might have been inflated. However, from the perspective of
temperature influences on size, each individual would have
experienced temperatures different to the mean as a conse-
quence of its specific microclimate circumstances (see e.g.
Atkinson, 1994; Chown & Gaston, 2010), accounted for
partly by inclusion of specific altitude, but otherwise remain-
ing as unaccounted variance in the first set of models.
Hence, mean temperature is simply a measure of interannual
variation. We also took the view that a regression approach
is more appropriate here than an ANOVA-type approach
(see Somerfield et al., 2002). Thus, we focus on the first set
of analyses, but also report the second.
RESULTS
Island did not enter the models as a significant independent
variable for body size of P. eatoni and B. elongatus, species
that are, respectively, either not consumed by mice or spo-
radically taken (Table 1). Indeed, body size frequency distri-
butions for these species are hardly distinguishable among
the islands (illustrated for P. eatoni in Fig. 1). By contrast,
island was significant for the remaining species that are regu-
larly preyed on. Within each species, both males and females
are typically larger on mouse-free PEI than on MI, with the
largest effect size apparent for the preferred species, E. mari-
oni (Table 1; Fig. 2). No sex-by-island effects were identified,
suggesting no sex-specific effects of predation. These out-
comes were consistent across analytical approach (see Appen-
dix S2 in Supporting Information).
When considering the species on an island-by-island basis,
a distinct gradation of differences in the relationship of body
size and temperature among islands is found from the spe-
cies not eaten by mice to the one that is preferred (Tables 2
and 3; Fig. 2). Thus, patterns of change in body size of
P. eatoni are very similar among islands, with size declining
with temperature in ways that are statistically indistinguish-
able (post hoc T’ method of minimum significant differences
at a = 0.05 (Sokal & Rohlf, 1995), indicates overlapping
confidence intervals: MI upper = 0.085, lower = 0.189;
PEI upper = 0.074, lower = 0.214). In B. elongatus and
B. parvulus (sensu lato), body size declines with temperature
and a minor increase with altitude are significant for PEI,
but on MI the temporal effect of temperature is either not
significant or slightly positive. By contrast, in B. randi, one
of the species that is preyed on, the effect of temperature is
significantly negative on PEI, but is strongly positive for MI
(Tables 2 and 3; Fig. 2). Finally, in the preferred prey species
E. marioni, the effects of temperature also differ among the
islands, being strongly negative on PEI and insignificant on
MI. Although some variation was found among analytical
approaches, the outcomes were largely consistent (see
Appendix S2).
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DISCUSSION
On these islands, the three weevil species that are either read-
ily preyed on (B. parvulus, B. randi) or preferred by mice
(E. marioni) are typically much smaller on Marion Island
than on Prince Edward Island, which is mouse free. Size-
selective predation of weevils by mice, with a preference for
larger individuals, coupled with predation pressure over at
least two hundred years (Watkins & Cooper, 1986), provides
a plausible mechanism for this difference (see also Chown &
Smith, 1993), although clearly no sex-specific responses to
predation are present (see Lima (1998) for discussion of the
theoretical basis for such an expectation). If some other fac-
tors, such as consistent differences among the islands in cli-
mate, productivity or predation by indigenous species, were
having an influence, it might be expected that in the species
not taken or preferred by mice, a difference among the
islands would also be manifest. However, this is not the case:
the body size frequency distributions for these species are
indistinguishable among the islands (Fig. 1). An alternative
explanation might be that size differences in the preferred
prey are simply a chance outcome given the small number of
species examined. However, similar size variation in an addi-
tional key prey species, the moth Pringleophaga marioni, has
Table 1 Generalized linear model results for the effects of sex, island (including an interaction between sex and island), mean annual
temperature and altitude on the body size of weevils on Marion Island and Prince Edward Island. Altitude was excluded from models
for the coastal species Palirhoeus eatoni and Bothrometopus randi. Deviance-explained (DE) values are also indicated.
Species and variable d.f. Estimate SE v2 P
P. eatoni (n = 929)
DE = 32.64%
Intercept 5.602 0.183
Sex (m) 1 0.499 0.030 390.90 < 0.0001
Island (PEI) 1 0.009 0.035 3.02 0.0823
Mean annual temperature 1, 928 0.140 0.030 22.08 < 0.0001
Sex (m) * Island (PEI) 1 0.094 0.048 3.83 0.0504
Bothrometopus elongatus (n = 1135)
DE = 20.01%
Intercept 3.029 0.122
Sex (m) 1 0.231 0.020 228.31 < 0.0001
Island (PEI) 1 0.026 0.023 2.22 0.1365
Altitude 1 0.000* 0.000* 21.87 < 0.0001
Mean annual temperature 1, 1134 0.000* 0.019 0.00 0.9806
Sex (m) * Island (PEI) 1 0.003 0.031 0.01 0.9193
Bothrometopus parvulus (sensu lato; n = 1708)
DE = 16.69%
Intercept 4.392 0.166
Sex (m) 1 0.288 0.028 204.34 < 0.0001
Island (PEI) 1 0.147 0.032 25.70 < 0.0001
Altitude 1 0.000* 0.000* 62.65 < 0.0001
Mean annual temperature 1, 1707 0.056 0.027 4.25 0.0393
Sex (m) * Island (PEI) 1 0.064 0.045 2.02 0.1551
B. randi (n = 919)
DE = 47.6%
Intercept 6.692 0.308
Sex (m) 1 0.992 0.044 766.08 < 0.0001
Island (PEI) 1 0.290 0.059 68.53 < 0.0001
Mean annual temperature 1, 918 0.065 0.049 1.73 0.1889
Sex (m) * Island (PEI) 1 0.021 0.074 0.08 0.7763
Ectemnorhinus marioni (n = 6057)
DE = 14.22%
Intercept 6.178 0.284
Sex (m) 1 0.324 0.032 120.81 < 0.0001
Island (PEI) 1 0.947 0.048 753.10 < 0.0001
Altitude 1 0.000* 0.000* 7.46 0.0063
Mean annual temperature 1, 6056 0.045 0.046 0.95 0.3290
Sex (m) * Island (PEI) 1 0.071 0.068 1.10 0.2949
SE, standard error; m, male; PEI, Prince Edward Island.
*Non-zero but small effect.
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also long been noted for the islands (Crafford et al., 1986;
Crafford & Scholtz, 1987).
By contrast, relationships with temperature take a more
complex form. On Prince Edward Island, size declines with
temperature are significant for all of the species. This tempo-
ral relationship is very much in keeping with the altitudinal
one found previously for many of the species, especially for
the eurytopic species, B. parvulus (sensu lato). That is, body
size is larger at high, cold altitudes (Chown & Klok, 2003).
Here, the finding for Prince Edward Island is also that indi-
viduals are on average larger in cooler years. Such variation
is consistent with the temperature size rule, where ectotherm
body size covaries negatively with development temperature
under laboratory conditions (Atkinson, 1994). It is also
consistent with the mechanisms that underpin a similar rela-
tionship between large size and low temperatures in the field
for many insects (see Blanckenhorn & Demont, 2004; Chown
& Gaston, 2010), especially given that growing season length
spans the entire year on the islands (Chown & Froneman,
2008). Negative covariation between size and temperature is
the primary theoretical expectation for populations that are
not time-limited (i.e. do not face short growing seasons –
see Introduction). Whether or not the spatial and tempera-
ture-related variation is underpinned by genotypic change or
is purely an outcome of phenotypic plasticity (Teplitsky
et al., 2008; Stillwell et al., 2010) is not clear.
On Marion Island, with the exception of P. eatoni, which
is not taken by mice, size either shows no relationship or a
Figure 1 Body size frequency distributions for Palirhoeus eatoni for the year groups 1986–1988 and 2008–2010 (MI, Marion Island;
PEI, Prince Edward Island; m, males; f, females).
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Figure 2 Body length plotted against temperature for individuals of the weevil species on Marion Island (left) and Prince Edward
Island (right) for males and females. The fitted lines are from the generalized linear models described in Tables 2 and 3.
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strong positive relationship with temperature. This consistent
difference in the four species among the two islands seems
most likely to be related to predation by mice. How might
such an effect be realized given that overall the impact of
mice seems to have been to reduce size of the prey species
on MI compared with PEI? The most plausible mechanism
appears to be one associated with the resource requirements
of mice under different temperature conditions.
House mice from Porto Santo, Madeira, the likely origin
of the MI population (Jansen van Vuuren & Chown, 2007),
have a lower limit to the thermoneutral zone of c. 24 °C
(Mathias et al., 2004), similar to that found for the species
generally given that this lower limit is not especially variable
(Oufara et al., 1987; van Aarde & Jackson, 2007). At temper-
atures below the thermoneutral zone, basal metabolic rates
rise rapidly, and between 10 °C and 5 °C, the rate increases
from c. 23 to 28 mW g1 (Oufara et al., 1987). Thus, meta-
bolic demand would certainly have increased between the
higher and lower temperatures experienced by mice over the
period of our study [bearing in mind that microclimate tem-
peratures are likely lower (Chown & Froneman, 2008), but
that mice also thermoregulate (Avenant & Smith, 2003)].
Field metabolic rates have been calculated specifically for the
mice on MI (Rowe-Rowe et al., 1989), and using these data
and the temperature-related variation in basal metabolic rate
provided by Mathias et al. (2004), it can be estimated that
the energy demand by mice between warm and cold years
might change by 0.40 kJ g1 day1. Given that the average
energy value for a weevil is 5.3 kJ g1 (wet mass; Rowe-
Rowe et al., 1989) and the average wet mass of a weevil is
0.013  0.002 g (Chown & Scholtz, 1989; Chown, 1993),
this would amount to an additional 0.5 weevils per day per
mouse [weevils (larvae & adults) make up on average about
8.5% of the gut content volume of mice (Smith et al.,
2002)]. Considering the two habitat complexes on MI which
support large numbers of mice (i.e. mire and biotic), and
assuming mouse densities of 30 mice ha1 for the mire habi-
tat and 143 mice ha1 for the biotic habitat (Avenant &
Smith, 2004), an extra 15 weevils per hectare per day might
be required to fuel the mouse population in the mire habitat
and 70 extra weevils per hectare per day in the biotic habitat.
If the surface area on MI below 300 m is considered
Table 2 Generalized linear model results for the effects of sex, mean annual temperature and altitude on the body size of weevils on
Prince Edward Island. Altitude was excluded from models for the coastal species Palirhoeus eatoni and Bothrometopus randi. Deviance-
explained (DE) values are also indicated.
Species and variable d.f. Estimate SE v2 P
P. eatoni (n = 342)
DE = 25.09%
Intercept 5.617 0.303
Sex (m) 1 0.404 0.040 100.10 < 0.0001
Mean annual temperature 1, 341 0.144 0.050 8.16 0.0043
Bothrometopus elongatus (n = 426)
DE = 29.2%
Intercept 3.691 0.188
Sex (m) 1 0.232 0.019 145.32 < 0.0001
Altitude 1 0.000* 0.000* 4.57 0.0326
Mean annual temperature 1, 425 0.116 0.028 17.08 < 0.0001
Bothrometopus parvulus (sensu lato; n = 648)
DE = 23.81%
Intercept 4.915 0.265
Sex (m) 1 0.350 0.029 146.95 < 0.0001
Altitude 1 0.000* 0.000* 20.58 < 0.0001
Mean annual temperature 1, 647 0.116 0.044 7.08 0.0078
B. randi (n = 335)
DE = 53.87%
Intercept 8.658 0.444
Sex (m) 1 0.942 0.050 353.53 < 0.0001
Mean annual temperature 1, 334 0.213 0.073 8.46 0.0036
Ectemnorhinus marioni (n = 1869)
DE = 2.29%
Intercept 8.529 0.523
Sex (m) 1 0.263 0.059 20.01 < 0.0001
Altitude 1 0.000* 0.000* 0.39 0.5339
Mean annual temperature 1, 1868 0.286 0.086 11.08 0.0009
SE, standard error; m, male.
*Non-zero but small positive effect.
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(Meiklejohn & Smith, 2008) [both mire and biotic habitat
above this altitude are negligible (Chown & Froneman,
2008)], this would result in 1.31 9 107 more weevils con-
sumed in a cold than in a warm year in the mire habitat and
1.24 9 107 more weevils in the biotic habitat. If both habi-
tats are considered together, an extra 2.55 9 107 more wee-
vils are potentially consumed in a cold year than in a warm
year. High predation levels could easily mean that larger
individuals, which are preferred by mice (Chown & Smith,
1993) would be removed rapidly from the population, result-
ing in a positive or no relationship between temperature and
size on MI.
Although plausible, such a mechanism does seem at odds
with the overall effect of smaller sizes on MI than on PEI for
weevils that are consumed by mice. However, it should be kept
in mind that, overall, mouse predation has likely been on-
going for at least close to 200 years (Watkins & Cooper, 1986),
whereas recent climate change effects on temperature have
mostly started playing themselves out since the late 1970s
(le Roux & McGeoch, 2008), when the effects of global dim-
ming largely ceased compensating for rising temperatures
(Hansen et al., 2006). Moreover, there may be variation in the
extent to which predation and temperature responses play out
at the genotypic level (see e.g. Teplitsky et al., 2008), so influ-
encing average annual phenotypes. Prey switching in the mice,
which seem increasingly now to be seeking out vertebrate prey
(Jones & Ryan, 2010), given substantial declines in the abun-
dance of their main prey species in the vegetated areas of MI
(Smith et al., 2002), may also be a factor complicating the
interaction between long-term predation and short-term tem-
perature effects on size. Therefore, although the final outcomes
of the interactions may appear relatively weak (as is also clear
from the deviance explained by the models), weak interactions
may nonetheless have profound effects in ecological systems
(e.g. Berlow, 1999).
In conclusion, it is clear that the interactions among pre-
dation by an invasive species and changing temperature on
the body size of its prey species are not simply positive as
perhaps might have been expected both on general grounds
(e.g. Brook et al., 2008; Walther et al., 2009), and in keeping
with the temperature-size rule (Atkinson, 1994; Chown &
Gaston, 2010) and large size-biased predation. Rather, they
Table 3 Generalized linear model results for the effects of sex, mean annual temperature and altitude on the body size of weevils on
Marion Island. Altitude was excluded from models for the coastal species Palirhoeus eatoni and Bothrometopus randi. Deviance-explained
(DE) values are also indicated.
Species and variable d.f. Estimate SE v2 P
P. eatoni (n = 587)
DE = 36.89%
Intercept 5.585 0.224
Sex (m) 1 0.499 0.028 307.03 < 0.0001
Mean annual temperature 1, 586 0.137 0.037 14.00 0.0002
Bothrometopus elongatus (n = 709)
DE = 17.89%
Intercept 2.675 0.162
Sex (m) 1 0.300 0.022 107.05 < 0.0001
Altitude 1 0.000* 0.000* 12.56 0.0004
Mean annual temperature 1, 708 0.059 0.026 5.19 0.0227
Bothrometopus parvulus (sensu lato; n = 1111)
DE = 12.62%
Intercept 4.278 0.213
Sex (m) 1 0.286 0.031 86.53 < 0.0001
Altitude 1 0.000* 0.000* 38.25 < 0.0001
Mean annual temperature 1, 1110 0.039 0.035 1.23 0.2671
B. randi (n = 582)
DE = 45.01%
Intercept 5.897 0.400
Sex (m) 1 0.992 0.048 432.04 < 0.0001
Mean annual temperature 1, 581 0.193 0.064 9.02 0.0027
Ectemnorhinus marioni (n = 4793)
DE = 2.45%
Intercept 5.615 0.335
Sex (m) 1 0.327 0.032 104.70 < 0.0001
Altitude 1 0.000* 0.000* 8.35 0.0039
Mean annual temperature 1, 4792 0.049 0.054 0.81 0.3688
SE, standard error; m, male.
*Non-zero but small positive effect.
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are more complicated, in keeping with a growing body of
theoretical and empirical research demonstrating that inter-
actions among change drivers might take a range of forms
(Didham et al., 2007; Darling & Côte, 2008; Bradley et al.,
2010). In addition, the differences in size-temperature rela-
tionships found among the two islands for each of the weevil
species preferred by mice indicate that human activities are
altering fundamental ecological patterns (Fisher et al., 2010).
Nonetheless, it is important also to acknowledge that much
deviance in the models presented here was unexplained.
Given the range of factors that influence body size for a
given individual (see e.g. Nylin & Gotthard, 1998; Stillwell
et al., 2010; Berger et al., 2012), this is not surprising. How-
ever, it does mean that our conclusions should be tempered
by these findings.
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